We have followed up our previous ab initio calculations of the force fields and dipole-moment derivatives of glycine dipeptide in C5 and C7 conformations with similar studies of the L-alanyl compound [CH&ONHCH(CHB)CONHCHs].
INTRODUCTION
We have previously [ 1 ] given the results of ab initio calculations of the force fields and dipole-moment derivatives of glycine dipeptide in the C, and C, conformations with intramolecular hydrogen bonding [ 21. We now report on similar studies of the L-alanyl compound, CH,CONHCH (CH3)CONHCHB, in the three lowest-energy conformations derived by Scarsdale et al. [ 31 with the 4-21 basis set: the C5, C;q, and Cl;x structures.
From empirical vibrational analyses of polypeptides [ 41, it has been found that some of the normal modes of the amide group involve significant displacements at the C!" atom. The Ala dipeptide is, therefore, a more representative model than Gly dipeptide for studying the modes of polypeptides and proteins.
In the following, after giving some details of the calculations, we discuss the 0166-1280/89/$03.50 0 1989 Elsevier Science Publishers B.V.
force fields, normal modes and dipole derivatives, and then compare them with some available experimental data. Throughout, the results are compared and integrated with those on Gly.
METHOD OF CALCULATION
The three Ala dipeptide conformations are shown in Fig. 1 . The Cartesian axes and atomic coordinates are as given by Scarsdale et al. [ 31 (our numbering ( -165.7", 167.3" ) in the C5, (-84.6",73 .0")intheC$,and (74.6", -62.0")intheC~conformations. In the C5 conformation (ALA5), an intramolecular five-membered NH* * *OC "Equilibrium values. bPositive: C6, N17 move out of ALA5 plane in Fig. 1 ; N7, Cl2 move below plane. S,, = 2Ra -Rm -Rae
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hy~ogen-bonded ring is present, whereas the C7 conformations have sevenmembered hydrogen-bonded rings, with the methyl side chain equatorial (ALA7E ) or axial (ALA7A > to the ring (Fig. 1) . None of the conformations has any symmetry, and ALA5 and ALA7A resemble, respectively, the C5 (GLY6) and C, (GLY7) conformations of Gly dipeptide that we studied previously f 11. The primitive internal coordinates and the equilibrium molecular dimensions are giyn in Table 1, and Table 2 lists the group, or local symmetry, coordinates S. The quadratic and semi-diagonal cubic force constants and dipole-moment derivatives were computed wi$h the 4-21 Gaussian basis [6 ] as in [ 11, using two-sided displacements along S. The force constants were scaled using the set of scale factors derived by Fogarasi and Balais [ 71 for some amides, which we modified slightly for Gly dipeptide. For the new group coordinates at the C" atom in Ala dipeptide, the scale factors used were: Ss5, S3s and S39, 0.80; and Sa6 and Sz7, 0.76 . Note that Sa6 (NCX def) is defined differently than in Gly dipeptide. Table 3 gives the scaled off-diagonal force constants in the group coordinate basis for ALA5, ALA7E and ALA'IA; for brevity we list only terms with magnitude > 0.05 in at least one of the conformations; terms of magnitude smaller than 0.01 are shown as 0.0. In Table 4 we list the scaled diagonal force constants together with the equivalent ones of GLY5 and GLY7 for comparison. Finally, Table 5 shows the harmonic frequencies for the Ala dipeptides computed with all scaled 1 Fij 1 > 0.01.
FORCE FIELDS AND FREQUENCIES
First, we will discuss the force constants. In Gly dipeptide we were able to relate many of the force constants of the CONH groups to the C5 and C, hydrogen bonds. Similar results are seen in Ala dipeptide. Thus, the hydrogenbonded NH stretch (str) and CO str terms are smaller than the free. The differences between the bonded and free f( NH str ) and f(C0 str ) are largest in ALA7A, indicating that the Crjx hydrogen bond is the strongest. This is consistent with the NH and CO bond lengths (Table 1) and with the H-* -0 distances of 2.13 A, 2.07 A and 1.94 A, and the NH-*-O angles of 108", 141" and 147" in ALA5, ALA7E and ALA7A, respectively. (For reference, in GLY5 and GLY 7 the H. --0 distances are 2.17 A and 2.06 A, and the NH -* -0 angles are 108" and 142". ) Note, however, that the 4-21 SCF energy of ALA7A is in fact the highest [2]: 2.6 kcal mol-' above that of ALA7E and 1.2 kcal mol-' above that of ALA5. The geometry and force constants of the NH-* -0C group (and also the NH str dipole moment derivative) are more direct measures of the hydrogen-bond strength than is the energy, which depends on total intraand inter-molecular interaction and which in general cannot be uniquely partitioned to yield a purely hydrogen-bond component.
The CO in-plane (ib) and out-of-plane (ob) bend force constants also show the effects of the C5 and C, hydrogen bonds, being higher for the bonded CO group in each structure. As in Gly dipeptide, the NH ib force constant shows the expected trend in the C, structues, whereas in ALA5 the bondedf(NH ibl) is less than f( NH ib2). In the C, structures the differences between the angles C6N7H8 and C9N7H8 are by far the largest, 7.7" (ALAS) and 7.9" (GLY5), and this may be related to the lowered f(NH ibl ) . The free f(NH ib) is 0.59 mdyne A rad-' in all structures except ALA'IA, where its magnitude is 0.61; significantly, the angle C,N,C, is very much the largest in ALA7A. A plausible conclusion, then, is that f( NH ib ) decreases when the difference between the angles adjacent to the NH bond increases, and it increases when the opposite angle increases. If we then look at f(C0 ib), we see that this conclusion also seems to be borne out: for example, the value is lowest in ALA7A and GLY7 where the differences in the adjacent angles of CO ib2 are largest, 3.3" (ALA'IA) and 2.0" (GLY7); that the ALA7A value is larger than the GLY7 may be a result of the larger opposite angle, 116" versus 114'. The bonded f( NH ob) in ALA'IE and ALA7A is larger than the free, but in ALA5 the reverse is seen. That the free f(NH obl) is quite different in the two C, structures shows a strong sensitivity to the conformation at the adjacent C" atom, and probably accounts for the ALA5 results.
We noted in GLY5 and GLY 7 the significant sizes of some interaction terms involving the NH stretches and attributed these to the C, and C, hydrogen bonds. In Ala dipeptide we find similarly large terms: the bondedf( NH str -NH ib) has the magnitudes -0.11 (ALA5), 0.11 (ALA7E) and 0.12 (ALA7A), whereas the free term is no larger in magnitude than 0.04; andf( NH strl -CO str2) is -0.10 mdyn A-' in ALA5 while f(NH str2-CO strl) is -0.14 and -0.17 mdyn A-' in ALA7E and ALA'IA. The signs of these terms are again consistent with the C5 and C, hydrogen bonds, and their relative values show that they increase in magnitude with the strength of the hydrogen bond.
Thus, as in Gly dipeptide, our results on the CONH force constants show the presence of the C5 and C, hydrogen bonds in these Ala dipeptide conformations. We should mention that we have not computed hydrogen-bond force constants such as f(H* --0 str) andf(NH* --0 bend) [ 41 because these coordinates would be redundant in these structures. That is, displacements of the COib1 (28),MCNdef(l9),C~CNdef(l3),CBb2(11),NC~Cdef(l0) (34) coordinates NH str, NH ib, etc., also distort the NH--*OC geometry and, therefore, their force constants and dipole derivatives implicitly contain contributions from the non-covalent intramolecular coordinates, these contributions of course accounting in part for the changes in the different conformers.
We turn next to the other groups, whose force constants are expected to be affected more by the conformation than by the hydrogen bond. As in Gly dipeptide, the largest variations are seen primarily in the diagonal and off-diagonal terms involving the C* atom. Especially notable are the changes in the CNC" deformation (def), NC" torsion (tor ), NC% def and Cfl bend1 (bl ) terms. The latter two diagonal terms seem to be inversely related to each other and to be correlated with the NC"C angle. The high f(CNC'II def) in ALA7A may be due to the large CNC" angle, and the increases in f(H" bl) and f(Ha b2) from ALA5 to ALA7A mirror the decreases in the C"H" bond length and CC"H" angle. The force constants of the terminal methyl groups vary little. In the C!l& group, however, there are significant changes in the CH str and CP rock terms.
Using our results on the five Gly and Ala dipeptide conformations, we have plotted in Fig. 2 the scaled NH str, CO str, CN str and CH str diagonal force constants versus their respective equilibrium bond lengths. In each plot a roughly linear relationship can be discerned, at least over these ranges in bond lengths; over larger ranges more complex relationships may be justified [ 8, 9] . Accordingly, we fitted each set of points with a straight line, taking bond length as independent variable, and found the following slopes, in units of mdyn A-' and with the linear correlation coefficient in parentheses: NH str, -78 ( -0.96); CO str, -88 ( -0.97); CN str, -37 (-0.97);
and CH str, -35 (-0.94). In our previous ab initio study [ 10 ] of the variation of NH bond length and force constant with intermolecular hydrogen-bond geometry, we found a slope of about -100 mdyn A-" for the unscaled STO-3G results; this value is the same as the NH str slope in Fig. 2 if we divide the latter by the scale factor of 0.80, thus confirming with an extended basis the trends given by our STO-3G results.
The slopes in Fig. 2 are quite interesting because they are very close to the respective diagonal cubic force constants, whose values averaged over all structures are (in mdyn A-"): NH str, -61; CO str, -89; CN str, -48; and CH str, -35. In the CN str plot, the points for CN strl are clustered in the lower right corner; the points for CN str2 alone yield a slope of -58 mdyn Am2, compared to the average CN str2 cubic force constant of -52 mdyn Am2.
Although the expansion of the potential energy in terms of the internal coordinates shows that the diagonal second derivative of the potential with respect to each bond stretch should have a primary linear dependence on bond length with the cubic force constant as slope, the significance of these close agreements is not clear. It has been found that cubic stretching force constants shows the slopes are reliable and that the scale factors are also, which suggests that this may be a way to derive scale factors ab initio, albeit with considerable effort. This implies that the effects of the quartic and off-diagonal cubic terms are not significant, and that the anharmonicities of the modes can be neglected, because the scale factors were chosen to fit observed frequencies. We have also examined the force constant versus bond length correlations for NC" str, C"C str, MC str and NM str (where M represents a terminal methyl). The least-squares slopes are -15, -15, -12 and -20 mdyn A-', respectively, compared with the average diagonal cubic force constants of -23, -22, -23 and -30 mdyn A-'. Because there are only five data points in each case and the MC str and NM str points are clustered in relatively small regions, these slopes are less meaningful. Similar plots for all carbon-carbon bonds (i.e. PC, MC and C"CB) or of all carbon-nitrogen single bonds (NC" and NM) yield very scattered points with linear correlation coefficients of -0.48 and -0.79, respectively. Many other quantitative correlations, for example of an-\ gle deformation force constants with various structural parameters, can be examined.
We turn next to the normal modes computed with the scaled force constants (Table 5 ). Figure 3 shows plots of the atomic displacements in the modes of ALA5, excluding the NH and CH stretches and the well-localized methyl symmetric and antisymmetric bends. Figures 4 and 5 show similar plots for most of the amide modes of ALA7E and ALA7A, and include the H" bends, which mix with amide III in the 1300 cm-' region.
The NH stretches show clearly the effects of the C5 and C, hydrogen bonds: the bonded NH str is substantially lower in frequency than the free, and the bonded NH str frequency is lowest in ALA7A. In ALA5 the bonded frequency (3390 cm-') is close to that in GLY5 (3400 cm-'), but the free frequency is much higher (3471 cm-' versus 3431 cm-'). Whereas the free frequencies in GLY 5 and GLY 7 are nearly identical, the free frequencies in Ala dipeptide are quite different, decreasing by 57 cm-l from ALA5 to ALA7E. In the C7 Ala conformations, the free NH group is adjacent to the C"cBH3 group and its stretching frequency seems to be affected by the conformational relationship of the two groups, as has been proposed previously [ 141.
The stretching frequencies of the terminal methyl groups are nearly identical to those of GLY5 or GLY7. The M2 stretches in the C, conformations are about 10 cm-' lower than in ALA5. While the CBH, symmetric stretch (ss) at 2901 cm-* in ALA5 moves by only 6 cm-' in the C, structures, the C?H, antisymmetric stretches (as) and C*H* str shift considerably with conformation. The CflH, and C"H" str are mixed to various extents because of near degeneracy. To remove the mixings and, thereby, obtain a clearer picture of how sensitive these stretches are to conformation, we have done normal-mode calculations with each group selectively deuterated. The CfiH, as modes in C"-deuterated Ala dipeptide are at 3014 and 2979 cm-' (ALA5), 2997 and 2990 cm-' (ALA7E), and 3038 and 2977 cm-' (ALA7A). The C"H" stretches in Ala dipeptide with all three methyl groups deuterated are at 2955 (ALA5), 2991 (ALA7E) and 3000 cm-' (ALA7A). Whilst the CSH, frequencies are very reasonable when compared to data on L-alanine [15] [16] [17] and cycle (DAla-L-Ala) [ 181, the C*H" str may be somewhat high, indicating that the scale factors for the methyne and methyl stretches should be different. We see from these deuterium-isolated frequencies that the C"H" str and CPH, as, and particularly the separation of the two antisymmetric stretches, are very sensitive to conformation, as we concluded from our experimental analysis [ 181 of cyclo (D-Ala-L-Ala) in two crystalline forms. We note that in cycle (D-Ala-LAla) the CPH, as modes are well separated from the C"H" str and hence, they do not mix, as was shown by normal mode calculations [ 181. In cycle-(D-Ala-L-Ala) we found the C"H" str frequency to be higher when the C"H" bond is more nearly equatorial to the ring (form I) than when the bond is more nearly axial (form II). The orientation of the C"H" bond in ALA7A more closely resembles that in form I and its isolated frequency is indeed higher than in ALA7E where the CaH" orientation is more similar to that in form II. We concluded [ 181 that the C"H" str frequency correlated well with the adjacent dihedral angles; systematic calculations of f( C"H" str ) in Ala dipeptide in more conformations would be useful in deriving a quantitative correlation for the mode in trans peptides.
The amide I, which is mainly CO str and NH ib, and amide II, mainly CN str and NH ib, are seen in Table 5 and Figs. 3-5 to resemble closely the corresponding modes in GLY5 and GLY7. These modes are more localized in the C7 structures than in ALA5, and the relative frequencies of the amide I and II pairs in ALA7E and ALA7A follow the order expected: the amide I involving mainly the hydrogen-bonded CO strl is lower in frequency, and the amide II involving the bonded NH ib2 is higher in frequency.
We saw in GLY5 and GLY7 that CN str and NH ib are mixed with CH, wag in the amide III modes around 1300 cm-l. In Ala dipeptide, the amide III contains a H" bend. The interaction force constants between H" bl or H" b2 and CN str or NH ib are relatively small, ~0.07 in magnitude; therefore, the strong mixing is mainly due to kinetic coupling. In P-de&rated Ala dipeptide, the amide III modes are at 1321 and 1276 cm-' (ALA5), 1322 and 1286 cm-' (ALA7E), and 1327 and 1294 cm-' (ALA7A); thus, when H* b is excluded, the trend of the amide III frequency with v/ is in qualitative agreement with Lord's proposed relation [ 19 1. By contrast, in N-deuterated Ala dipeptide, where the amide III' frequencies are in the 900 cm-l region, the H" b modes are at 1315 and 1288 cm-' (ALA5), 1314 and 1305 cm-l (ALA7E), and 1317 and 1274 cm-l (ALA7A). Thus, while the "pure" amide III varies over as much as 18 cm-', the "pure" H" b varies over 31 cm-'. Of course, the "pure" amide III is affected by hydrogen bonding as well as conformation, and these effects may be in opposite directions. Even so, it is clear that much of the conformational sensitivity of the modes around 1300 cm-l in peptides seen here and in other work [4, 19] is due to the H* b components. Also, in general, one should consider all amide and H" b modes in this region when trying to correlate amide III frequencies with conformation. (We note that in cycle (D- Ala-L-Ala), where the peptide units are cis, the H" b modes are quite pure and we were able to ascribe their shifts in the two forms to conformational rather than hydrogen-bonding differences [ 181.)
The amide V modes, mainly NH ob and CN tor, show trends related to the C5 and C, hydrogen bonds. While the free amide V remains at about 580 cm-l in all three conformations, the bonded mode appears at -690 cm-' in ALA5 (there being two modes with similar amide V character in this region), at 754 cm -' in ALA7E, and at 809 cm-l in ALA'IA. Thus, the well-localized amide V, together with the NH str, shows the best-defined changes with hydrogen bonding. The modes involving CO ib and CO ob are more delocalized and are not readily relatable to hydrogen bonding. For instance, the 758 cm-l mode in ALA5, which is mainly CO ob2, shifts to 790 cm-' in ALA7E even though CO ob2 becomes free in the C, conformation. CO ob2 is adjacent to C* and probably the conformational effects more than compensate for the change in hydrogen bonding. Table 6 lists the dipole derivatives a$/&!$ with respect to the group coordinates of the peptide and side-chain groups, referred to local axes fixed within each group [ 11; see Table 6 footnote for definitions of local axes. The derivatives of the terminal CH3 groups are not shown; these are very nearly identical to those of GLY5 and GLY7, and where there are differences between GLY5 and GLY 7 the same differences occur between the derivatives in C5 and C, Ala dipeptide.
DIPOLE-MOMENT DERIVATIVES AND INTENSITIES
Looking first at the peptide groups, we see that the bonded NH str deriva- tives are as expected larger than the free. The difference is small in ALA5, probably because of the conformational effects on the NH strl derivative, as evidenced by its values in ALA7E and ALA'IA. The bonded derivative is largest in ALA7A, consistent with the NH***0 geometries. From the directions, we see that while the free NH str derivatives are oriented at about 50 ' in the local x-y plane, the bonded derivatives are in each structure rotated further toward the respective oxygen atom. This was also seen in GLY5 and GLY7 and is due to the modulation of the H. -00 distance during displacement of a bonded NH str, resulting in a contribution from the H ---0 str de~vative [ 10 1. The CO str shows only slight increases on hydrogen bonding, and all the CO str derivatives are very close in magnitude and direction. The CN str derivatives are all nearly parallel to the CN bond and the C5 (ALA5 and GLY5) derivatives are larger than the CT. The NH and CO bend derivatives all reflect the C5 or C, hydrogen bond, being larger when bonded. The NH obl, adjacent to C", shows the strongest conformational dependence, as seen in its values in ALA7E and ALA7A. The CN torl is large and nearly the same in all conformations but the CN tor2 is very small. Turning to the side-chain derivatives, there are significant differences among the conformations, except for the C"C? str and the CPH, symmetric and antisymmetric bends (Ca sb and C? ab). Drastic changes are seen in the NC% def and H* and C? bends. The NC% def, for example, is large in ALA5 and ALA7E and oriented almost perpendicular to the H"C"C" plane and toward N,; in ALA7A, however, it is much larger in magnitude and oriented nearly in the opposite direction. The changes in the derivatives at the C" atom show that these ~~/~S~ are not transferable when the Q, and v angles vary si~i~~antly. In these cases, the group moment model 120,211 is not reliable in computing IR intensities of modes that have an appreciable contribution from the coordinates at C". It is clear, however, that for amides I and II, at least, the group moment model is applicable to a first approximation. It would also be interesting to see if other empirical models for calculating IR intensities [22] can reproduce such changes in ~~/~S~ with conformation.
The IR intensities are given in Table 5 . The NH str and amides I, II and V are generally the most intense modes. In each structure the bonded NH strand NH ob modes are stronger than the free (in ALA5 the NH obl intensity is distributed into two modes around 690 cm-'), but the amides I and II do not show such clear-cut differences with hydrogen bonding. We find, as in Gly dipeptide, a smaller total intensity for the amide I pair than for the amide 11 pair, and that the most intense mode in each conformer is an amide II; these results are contrary to expectation and we suggested [l] that they could be due to deficiencies in both the dipole derivatives and the force fields. In our previous calculations (211 of the dipole derivatives in N-methylacetamide (NMA), we found that the 3-21G basis yields more accurate dipole moments and derivatives than the larger 4-31G and 6-31G bases. Using the 3-21G a$/ aSi for the CONH group in NMA, we computed the amide I and II intensities in ALA7E (these modes being most localized in this struture ) . The results for the four modes are 211, 100, 285 and 322 km mol-', in descending order in frequency. The amide II pair is significantly reduced in intensity and the ratio of total intensities AI/An increases from 0.45 to 0.51. We had concluded [21] that this ratio is improved if the amide I has more CN str and less NH ib contribution. One way this can be readily effected is by reducing the interaction terms f(C0 str-CN str) from 1.36 and 1.30 mdyn A-' in ALA7E to 0.50 mdyn A-' which is the value assumed in the empirical polyglycine I force field [ 41. Upon introducing these changes, the amide I and II frequencies in ALA7E shift about 20-30 cm-l to 1736,1712,1609 and 1554 cm-', and the intensities, given by the NMA dipole derivatives, become 306,151,282 and 209 km mol-'.
The strongest band becomes an amide I and the ratio AdAI increases to 0.93. Thus, the amide I and II intensities and intensity ratio are very sensitive to the dipole derivatives and force constants'of the peptide groups. It is likely, then, that the scale factors for the force constants can be improved; in particular, f( CO str-CN str ) may require a separate scale factor in view of its large magnitude [ 231. It may also be necessary to scale the dipole derivatives or to recompute the $$/a$ with the 3-21G basis set.
COMPARISON WITH EXPERIMENT
The C5 and C, structures have been proposed in numerous IR studies of Ala dipeptide in solution [ 14, [24] [25] [26] [27] [28] [29] [30] and in argon matrix [31] ; the IR spectrum of crystalline Ala dipeptide in the 700-300 cm-l region [32] and the Raman spectra in H,O and D,O solution [ 33 ] have also been reported. Doubt has been raised [ 27,301 about the earlier IR work on dipeptides in dilute carbon tetrachloride solution, in which the presence of C, conformers was inferred from the NH str region. Nevertheless, studies with various model compounds have shown that the C7 hydrogen-bonded NH str is in the 3350 cm-l region, whereas the C5 bonded NH str is near 3420 cm-', and that the free NH str is found above 3440 cm-' [25-27, 30, 31, 341 ; an NH str band due to self-associated species may also appear near 3350 cm-' [ 341.
In Table 7 we compare our calculations with the IR NH str and amide I and II frequencies observed in Ala dipeptide in argon matrix [31] . Because the number of observed bands evidently shows that more than one conformation is present, we have considered four different mixtures of the Cg, Ce;l, and C; forms. (Properly, we should also have considered a C"7" form in the comparison [ 1 ] of our Gly dipeptide results with spectral data, but we did not do calculations on this conformation. ) Of course, the comparison can only be suggestive because the actual conformations present in the matrix are not likely to correspond precisely to those used in our calculations, and there may be other conformers present, such as open non-hydrogen-bonded forms [ 3,27,30 1. is not indicated. For the other two binary mixtures, the amide I and II frequencies are slightly more satisfactorily fitted by C5 + Cy than by C, + Cb, as measured by the average errors: 8 cm -' in both sets for amide I, and 34 versus 40 cm-l for amide II. Thus, even though our assignments of the amide I and II bands disagree in detail with those of Grenie et al. [ 311, our results do support their conclusion that C, and C, structures are both present in the matrixisolated sample. Our results on the NH str modes are relevant to the problem of distinguishing C;q structures from C!?. It has been supposed that the free NH str in C5 and Cy structures coincide, whereas that in the C;q form is lowered in frequency by perturbation from the C!"CB group [ 14, 26, 29] . The free NH str in ALA7E is indeed considerably lowered in frequency, but although we found identical free NH str frequencies in GLY5 and GLY7 (GLY7 being the Ct; form), this is not the case in ALA5 and ALA'IA. From the spectra of model compounds which are expected to form C, structures only of the axial or equatorial type [ 25,26 J , it was concluded that the NH str free-bonded shift is larger in Ctq (about 135 versus 77 cm-' ) , thus implying a stronger hydrogen bond in CFq. The ab initio geometries [ 31 and our results on frequencies and dipolemoment derivatives indicate that the hydrogen bond is strongest in ALA7A, and that the bonded NH str frequency in ALA7A is lower than in ALA7E. This seeming disagreement with the observations may be because the hydrogenbond geometries in the model compounds are constrained by the various substitutions to be different from the ab initio geometries in Ala dipeptide. We note, for example, that the H * * -0 distance in GLY7 is 2.06 A, whereas that in ALA7A is 1.94 A.
CONCLUSIONS
We have followed up our previous calculations of the force field of Gly dipeptide with similar studies of Ala dipeptide. Our results on these five dipeptide structures, together with the work of Schafer and coworkers [ 2, 3] , provide a guide to the variations with conformation and hydrogen bonding of geometry, force constants, normal modes and dipole moment derivatives in peptides. These results should help in interpreting spectral data and in correlating spectra with structure. They should also help in developing and testing force fields for normal mode and molecular mechanics calculations of peptides.
